Background. In spite of many peritoneal tests proposed, there is still a need for a simple and reliable new approach for deriving detailed information about peritoneal membrane characteristics, especially those related to fluid transport. Methods. The sequential peritoneal equilibration test (sPET) that includes PET (glucose 2.27%, 4 h) followed by miniPET (glucose 3.86%, 1 h) was performed in 27 stable continuous ambulatory peritoneal dialysis patients. Ultrafiltration volumes, glucose absorption, ratio of concentration in dialysis fluid to concentration in plasma (D/P), sodium dip (Dip D/P Sodium), free water fraction (FWF60) and the ultrafiltration passing through small pores at 60 min (UFSP60), were calculated using clinical data. Peritoneal transport parameters were estimated using the three-pore model (3p model) and clinical data. Osmotic conductance for glucose was calculated from the parameters of the model. Results. D/P creatinine correlated with diffusive mass transport parameters for all considered solutes, but not with fluid transport characteristics. Hydraulic permeability (L p S) correlated with net ultrafiltration from miniPET, UFSP60, FWF60 and sodium dip. The fraction of ultrasmall pores correlated with FWF60 and sodium dip. Conclusions. The sequential PET described and interpreted mechanisms of ultrafiltration and solute transport. Fluid transport parameters from the 3p model were independent of the PET D/P creatinine, but correlated with fluid transport characteristics from PET and miniPET.
Introduction
An evaluation of peritoneal membrane characteristics should be performed routinely to guide the prescription and optimization of peritoneal dialysis (PD) therapy and record the changes in the function of the membrane over time on the treatment [1] . Inability to achieve adequate dialysis is a cause of up to 16% discontinuation of the treatment, and 10% of death in patients treated with this method [2] . The adequate removal of water is also an important problem in PD [3] [4] [5] . Ultrafiltration failure (UFF) occurs in over 30% of long-term PD patients [6] [7] [8] .
Various methods for evaluation and optimization of peritoneal transport and efficiency of dialysis are currently recommended for clinical applications [1, 9] . Simple indicators describe the adequacy of dialysis (e.g. daily collection of dialysate, standard weekly urea clearance (or clearance times treatment time divided by distribution volume), KT/V, and creatinine clearance KT [10] ) or the basic description of the rate of removal of small solutes and net ultrafiltration [ peritoneal equilibration test (PET) [11] ], but cannot discriminate between different transport pathways or reveal mechanisms behind deviations from normal function. More complicated clinical methods, based on the application of volume marker for the measurement of dialysis fluid volume and fluid absorption, as standard peritoneal assessment (SPA) [12] and dwell studies [7, [13] [14] [15] [16] , are necessary for the assessment of details of fluid and solute transport during dialysis. Modified versions of PET [17] , as PET with hypertonic glucose fluid [18] , mini peritoneal equilibration test (miniPET) [19] , double miniPET [20] and personal dialysis capacity (PDC) test [21] can also provide supplementary information about peritoneal fluid transport [9] , as free water transport (FWT, miniPET) and osmotic conductance of glucose (OCG, double miniPET). SPA and dwell studies need sophisticated measurement techniques and the application of macromolecular volume markers but combined with mathematical modelling provide the most detailed information about solute and fluid transport during PD and the causes for its failure in some patients [7, 15, 16, 21, 22] . The application of computer programs for the analysis of clinical data allow to calculate many parameters of dialysis [9, [21] [22] [23] [24] [25] . However, there is still a need to develop a method of determining the dialysis parameters that would be less aggravating for the patient and medical staff, even more detailed than those applied nowadays, easy to use in practice and capable of providing a precise tool for assessing, forecasting and planning dialysis. The PDC test applies the three-pore model (3p model), which is frequently used also for computer simulations and general analysis of peritoneal transport, but this test requires the collection of five bags with drained fluid according to a specific time schedule [21, 26, 27] , and therefore is not so often used in clinical practice. We show that a simplification of the clinical protocol of the PDC test that can be combined with routine performance of PET allows for the estimation of the parameters of the 3p model and may provide all the parameters evaluated in all tests previously proposed for peritoneal membrane characteristics (as FWT and OCG [1] ) due to the application of the 3p model. The 3p model was recently carefully assessed using the data from dwell studies with volume markers and, although some controversies exist about its application [28] , it is a very efficient tool for the analysis of clinical data [16, [29] [30] [31] .
The main objective of this study was to provide a simple and clinically feasible extension of standard methods to get the detailed information about the peritoneal transport barrier by a combination of clinical studies and mathematical modelling. The main advantage of the proposed test is the ability to estimate the parameters of the 3p model by fitting it to clinical data without the application of macromolecular volume markers and with a minimal extension of standard PET that is used as a routine evaluation of the membrane status. The performance of miniPET beside PET may provide detailed information about membrane characteristics, whereas the 3p model fitted to the combination of the results of these two tests allows the calculation of the parameter values of the peritoneal transport system with discrimination between various transport mechanisms, and simulation, based on these parameters, of the intradialytic dialysate volume and solute concentration kinetics. Thus, the proposed simple methodology, called sequential PET, sPET, may be used for routine monitoring of the changes in transport characteristics with time on dialysis and their deviations from normal values, and for the investigations of the associations between the transport parameters and other clinical characteristics and complications in various groups of patients.
Materials and methods
The study was carried out in 27 stable patients on continuous ambulatory peritoneal dialysis (CAPD). There were 14 females and 13 males with an age of 58.7 ± 15.6 years and weight of 76.1 ± 15.9 kg). The mean time on PD was 30.6 ± 24.4 months (range 4-100 months). None of the patients had peritonitis during the test and for 1 month before the test. The test was performed as a routine evaluation of membrane status. Written informed consent was obtained from each patient and the study was approved by the Ethical Committee of the Military Institute of Medicine, Warsaw, Poland, in accordance with the Helsinki Declaration of 1975, as revised in 2000. Patients were divided into four transport categories based on ratio of concentration in dialysis fluid to concentration in plasma (D/P) of creatinine [11] .
The test consisted of two exchanges with different concentrations of glucose and dwell times, including standard ( peritoneal equilibration test PET, glucose 2.27%, 4 h [11]) followed immediately by mini-peritoneal equilibration test (miniPET, glucose 3.86%, 1 h [19] ). Each bag was weighed separately with and without infused and drained fluid and sampled for the measurement of solute concentrations at the beginning and end of the dialysis session. Dialysis fluid samples were taken also at 30 min of miniPET and 120 min of PET. One blood sample was collected at 120 min of PET. Sodium, glucose and urea concentrations in plasma, fresh PD solution and dialysate were analysed using Cobas Integra 800 (Roche Diagnostics, Mannheim, Germany). The ionized sodium concentrations were calculated using indirect ion selective electrode.
Computer simulations based on the 3p model were performed concurrently with the same parameter values for the data from PET and miniPET, and the 3p model parameters were estimated by adjusting the model predictions to clinical data. The effect of vasodilation was taken into account, as described previously [30] . Diffusive mass transport coefficients (PS) for large pores were calculated in proportion to the fitted values of PS for the small pores [26, 27, 32] . The fractional contribution of large pores (α l ) was assumed to be 0.08, and the radius of small pores was 43 Å, of large pores 250 Å and of ultrasmall pores 2 Å [32] . Osmotic conductance for glucose, OCG, was calculated as s G LpS, where s G is the reflection coefficient for glucose and LpS is hydraulic permeability of the membrane [32] . The diffusive mass transport parameters (or permeability times surface area parameters), PS, cannot be realistically calculated using the same value of A 0 /Δx, the 'unrestricted' pore area of small pores over diffusion distance, for various solutes, and therefore some correction factors (CFs) must be introduced into the theory, separately for each solute [23, 30, 32] s;small were calculated using A 0 /Δx. The t-test or ANOVA followed by t-test with Bonferroni correction for multiple comparisons were used for the analysis of mean values, and the Pearson correlation coefficient was used for the analysis of correlations. The statistical significance level was set at P = 0.05. Data are presented as mean ± standard deviation.
Results
Sequential PET was performed in 27 and analysed in 24 stable CAPD patients. Three patients were omitted from the analysis because of possible errors in sampling and laboratory measurements. Mean values of the clinical indices of the patients and sPET outcomes are summarized in Table 1 together with the correlation coefficients between these indices and creatinine D/P, which represents the PET classification of the patients. The PET classification showed that 5 (21%) of the patients were fast, 13 (54%) fast-average and 6 (25%) slow-average transporters. The mean (for all patients) measured solute concentrations during miniPET and PET are shown in Figure 1 .
Net ultrafiltration from miniPET, netUF60, was, as expected, considerably higher than netUF240 from PET, and although there was no statistically significant correlation between netUF60 and creatinine D/P, such correlation was observed for netUF240 (Table 1) . Creatinine D/P was also correlated with D/P for sodium after 1 h of miniPET and glucose D/D0 from PET (Table 1 ), but not with other characteristics of the patients and their transport status ( Table 1 ).
The 3p model provided a good agreement of simulated and clinical data for miniPET and PET (Figures 1-3 ). The estimated parameters (Table 2 ) were used to simulate the detailed kinetics of dialysate volume and solute concentrations during the test dwells as well as to predict the results of the 4-h dwells with 3.86% glucose dialysis fluid (Figure 2 ).
The parameters of the 3p model estimated using the sPET data were generally similar to those obtained from other applications of this model (Table 2) . However, the fractional contribution of ultrasmall pores, α u , was higher than in the previous studies, whereas hydraulic permeability, L p S, tended to be lower (Table 2) .
Creatinine D/P and glucose D/D0 (the indicators of PET transport status) were correlated with mass transport area coefficients, PS, for creatinine, glucose and sodium, but not with the model parameters that describe fluid transport, Table 3 . In contrast, sodium D/P at 60 min correlated with the fraction of ultrasmall pores, α u , and diffusive permeability of small solutes (including sodium PS), Table 3 . The sodium dip was, however, correlated only with L p S and α u , but not with diffusive permeability of sodium (Table 3) . Thus, sodium dip is a good indicator of fluid transport characteristics though it depends not only on α u (as expected), but is also negatively correlated with L p S. NetUF60 in turn depends positively on L p S, and even stronger on OCG (Table 3) . Unexpectedly, netUF60 also correlated positively with the peritoneal absorption rate (PA) rate, in contrast to netUF240 that correlated negatively with PA, Table 3, Figure 4 . The paradoxical positive correlation of netUF60 with PA Table 1 . Peritoneal transport characteristic from miniPET (after 1 h of dwell time) and PET (after 4-h dwell time), clinical data for 24 patients (mean ± SD) and their correlation with creatinine D/P Parameters a All patients n = 24 Correlation disappears, however, if 3 patients with high PA (between 2 and 3 mL/min) and high L p S are not taken into account; thus, there is no correlation between netUF60 and PA for the other 21 patients with PA <2 mL/min (Figure 4 ). Therefore, we may consider the positive correlation between netUF60 and PA as an error of type II; however, the possible coexistence of high PA and high netUF for short dwell times is clear from these data. The UFSP60 was proportional to L p S, PA and OCG, but negatively correlated to α u (Table 3 ). In contrast, although the amount of UF that passes ultrasmall pores (FWT60) correlated only with α u , the fraction of this UF (FWF60) was correlated not only positively with α u but also negatively with L p S and OCG (Table 3 ). The reversed sign of correlations of fluid transport indices with L p S and α u is related to the negative correlation between L p S and α u (r = −0.69, P < 0.0005). nUF240 was negatively correlated to PA and glucose PS, but positively to α u ( Table 3) . The CF coefficients obtained in our study were similar to those found in other studies [23, 30] , with CF for urea substantially >1 and CF for sodium much <1 ( Table 2 ). The value of CF for glucose was close to 1 ( Table 2) .
There were statistically significant differences between the PET transport groups in the mean values of A 0 /Δx, PS for all solutes, net ultrafiltration after 4 h of PET (but not after 1 h of miniPET), D/PNa (but not for sodium dip) and urine urea (Tables 1 and 4 ). All these parameters were significantly different for slow-average and fast groups and (excluding PS for urea and urine urea) for fast-average and fast groups. As regards slow-average and fast-average groups, the differences were only in creatinine D/P and glucose D/D0. In all remaining parameters and indices the differences between means for the PET groups were not significant.
Seven patients had abnormal net ultrafiltration volume of >100 mL after standard 4-h PET using a 2.27% glucose solution that might indicate UFF [1, 33] . Five of those patients were fast transporters and two fast-average transporters. Using the estimated values of the 3p model parameters and initial conditions taken from miniPET, it was possible to predict the results of the 4-h PD dwell with 3.86% glucose, see Figure 2 . These predictions showed that 4 out of 7 patients with this abnormal ultrafiltration at PET and 1 out of 17 remaining patients (with normal UF at PET) would have had an ultrafiltration <400 mL after 4-h dwell with glucose 3.86%, Figure 2 , what may indicate UFF [6] . These 5 patients with hypothetical mean net UF of 309 ± 75 mL during 4-h exchange with glucose 3.86% fluid were assigned to the hypothetical UFF (hUFF) group and the other 19 patients with the mean net UF of 643.0 ± 152.3 mL to the control group (normalUF).
There were statistically significant differences in several parameters when compared between hUFF and normalUF groups. Mean PS for glucose for hUFF group was significantly higher than for the normalUF group, whereas OCG, FWT, netUF60, netUF240 and glucose D/D0 were significantly lower for the hUFF group, Table 5 . Interestingly, there was no statistically significant difference between FWF and α u for the two groups, Table 5 . In both groups (hUFF and normalUF) the sodium dip was observed during PET, but in the hUFF group the level of this dip was significantly lower (Table 5, Figure 3 ).
Discussion
The sPET combines two simple tests, i.e. PET followed by miniPET, which may be performed together with routine PET for detailed monitoring of peritoneal membrane characteristics of PD patients. This can be obtained by supplementation of clinical tests by mathematical modelling of peritoneal transport. sPET is simpler to the PDC test because it demands only one short exchange performed immediately after routine examination with PET. a L p S, hydraulic permeability; PA, peritoneal absorption rate; α u , α s . α l , fractional contribution of ultrasmall, small and large pores to L p S; PS G , PS Na , PS U , diffusive mass transport coefficients for glucose (G), sodium (Na) and urea (U)-these parameters were estimated from clinical data; other parameters were calculated as described in Materials and methods. b The parameters from the following studies: R2000 [32] , G2009 [29] , W2008 [30] and H2001 [23] . c Value from the pore theory/value adopted in the 3p model R2000 [32] . Table 3 . Correlation coefficients, R, between clinical parameters describing peritoneal transport during dialysis and membrane characteristics calculated from the three-pore model for 24 patients; statistically significant correlations are marked in bold The mathematical model is in general the same in sPET and PDC but some specific assumptions are different. The estimated fluid transport parameters were not much different than those applied in the standard three-pore theory and other clinical applications of the 3p model; however, some differences are worth notice. The current study was the first attempt to estimate the fractional share of ultrasmall pores in hydraulic conductivity, α u , for individual patients. In the previous studies α u was assumed or estimated from the average data for a population and was typically ∼0.02 [26, 27, 29, 30, 32] . Our results suggest higher α u of ∼0.09 on average with high scatter between patients ( Table 2) .
The fluid transport indices calculated from miniPET differed from the values from clinical studies that might be found in the literature. Ultrafiltration through small pores (UFSP60, 157 ± 115 mL) was generally lower in our study than that reported by others: 204-279 mL, but the free water fraction (FWF60, 60 ± 24%) in our patients was higher compared with 42-50% in those studies [15, 19, 20, 34] . This difference in phenomenological parameters between our population of patients and those described in previous studies was reflected by the higher model parameter α u (0.09) compared with ∼0.02 in the other studies ( Table 2) .
The PA, was higher than in the standard version of the 3p model and closer to that found in recent estimations of PA with this model ( Table 2 ). The estimated value of PA of 0.95 mL/min was also similar to those obtained using different methods, range 0.68-1.1 mL/min [12, 14, 35, 36], and somehow lower than those found in some other studies (1.1-2.3 mL/min) [13, 37, 38] . The L p S, tended to be lower than in the previous studies (Table 2) . However, the values of L p S estimated in our study and presented in Table 2 are for the steady state (that is after 2 h of dwell time), whereas the initial values are 70% higher because of vasodilatation of the local capillary bed induced by hyperosmotic dialysis fluid [30] . The average value of L p S during the first dwell hour is ∼50% higher than that for the steady state, that is the initial values of L p S in our study were ∼0.045 mL/min/ mmHg, i.e. not much different from those reported by other authors (Table 2) . Furthermore, the estimations of L p S for fast transporters (0.043, Table 4 ) are in agreement with the L p S values for icodextrin, glucose and mixed icodextrin-glucose-based fluids obtained in another study for fast transporters (0.048 [29] , see Table 2 ). Even more important is the agreement of the initial values of osmotic conductance assessed in our study (OCG = 0.0036 mL/ min/mmHg for the 1 h of dwell time) to those obtained by other methods that did not use the 3p model: 0.0036 by Rippe et al. [32] and 0.0033 by La Milia et al. [20] using double miniPET. The value of OCG of 0.0035 obtained from the analysis of 24-h collections with different initial glucose concentrations was also similar [35] . Somewhat higher values were obtained in some other studies: 0.0045-0.0060 mL/min/mmHg [37, 39, 40] .
The transport parameters of small solutes are in general agreement with the previous findings ( Table 2 ). The general observation that the values of PS for sodium predicted from the 3p model are much higher than those measured in clinical studies (CF = 0.6 for sodium, Table 2 ) was previously discussed and addressed using mathematical modelling, however no clear conclusion about the reason for this discrepancy was reached [41, 42] . In contrast, the higher measured values of PS for urea (CF = 1.56 for urea, Table 2 ) are related to urea permeability across the cellular membrane, beside its diffusive transport across the small and large pores [43] .
sPET is able to identify patients with problematic ultrafiltration and, furthermore, to suggest the cause for the reduced ultrafiltration capacity. Two possible causes of UFF were found in our patients: decreased osmotic conductance and high rates of glucose transport. Interestingly, there was no statistically significant difference in peritoneal surface area, A 0 /Δx, and the rate of peritoneal absorption, PA, between the groups with normal UF and hypothetical UFF ( Table 5 ). The occurrence of abnormal A 0 /Δx and PA was however previously reported as possible causes of UFF [7] . The patients with hypothetical UF failure need to be further studied with modified PET and by other means (e.g. daily net UF), and carefully monitored for the effectiveness of PD. The identification of the reason for UFF by using sPET may help to decide about a modification of PD modality, fluid schedule or the transfer to haemodialysis.
The sPET described and interpreted mechanisms of ultrafiltration and solute transport. Fluid transport parameters from the 3p model were independent of the PET D/P creatinine, but correlated with fluid transport characteristics from PET and miniPET. Our results confirm that fluid transport needs additional tests for its monitoring and that using sPET one can obtain all currently discussed membrane characteristics for both fluid and small solute transport.
